The spectroscopic observation of 1268-nm emission of singlet oxygen photosensitized by tetracyclines in oxygenated solutions at room temperature is reported. In the series demeclocycline, tetracycline, and minocycline, the efficiency of singlet oxygen generation is found to parallel the clinical observation of relative frequency of phototoxicity of these antibiotics, suggesting singlet oxygen generation as the origin of their phototoxicity. (8, 9) . In this report we present the first direct evidence of tetracycline-photosensitized generation of singlet delta oxygen in solution, identified by the 1268-nm emission spectrum of 02 (1'A). We find that the yield of photosensitized singlet oxygen follows the same order as the reported phototoxicity within the tetracycline family, suggesting that the basis for variation of the phototoxic potential within the tetracycline series may lie in their relative efficiency of generating singlet oxygen upon photoexcitation.
The tetracyclines are one of the most frequently prescribed groups of antibiotics, deriving their bacteriostatic effect by preventing the binding of the aminoacyl-tRNA to the aminoacyl (A) site of the ribosome thus inhibiting protein synthesis (1) . A side effect associated with tetracycline therapy is cutaneous phototoxicity. The relative phototoxicities of the tetracyclines, estimated from clinical reports in the literature, clearly indicate that the chloro derivatives chlortetracycline and demeclocycline are the most potent photosensitizers within the tetracycline family (2) (3) (4) (5) (6) (7) . The nature of the active species causing this phototoxicity is not established, although activated oxygen species have been postulated (8, 9) . In this report we present the first direct evidence of tetracycline-photosensitized generation of singlet delta oxygen in solution, identified by the 1268-nm emission spectrum of 02 (1'A). We find that the yield of photosensitized singlet oxygen follows the same order as the reported phototoxicity within the tetracycline family, suggesting that the basis for variation of the phototoxic potential within the tetracycline series may lie in their relative efficiency of generating singlet oxygen upon photoexcitation.
Consistent with clinical reports, we have previously shown (9) that chlortetracycline and demeclocycline are also the most effective photosensitizers in vitro, although the detailed mechanism of tetracycline-induced phototoxicity is still not clear. Based mainly on the ability of the tetracyclines to photooxidize the singlet oxygen scavengers dimethyl furan and limonene, Weibe and Moore (10) suggested that tetracycline photosensitization in solution involved photooxygenation rather than a free radical process. However, the specificity ofthe chemical scavengers used is not high enough to constitute definitive proof of the involvement of singlet oxygen. In cellular systems, based on the observation that in vitro photosensitization was enhanced in 2H20 as compared to H20, we (9) and others (8) have evoked singlet oxygen as a possible reactive intermediate in tetracycline-induced phototoxicity. This observation of 2H20 enhancement of photosensitization, although supportive, is nevertheless indirect evidence of singlet oxygen involvement (11) . In fact to our knowledge, prior to this study no direct demonstration of the tetracycline-photoinduced generation of singlet oxygen in solution or in cellular systems has been reported. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. for tetracycline and minocycline was made with respect to the demeclocycline value. The results are presented in Table 2 .
RESULTS
Electronic absorption spectra of the tetracyclines are characterized by major bands around 365 and 268 nm in solution at room temperature and are presented in Fig. 1 for the three tetracyclines used in this investigation. Fig. 2 is the emission spectral scan between 1200 nm and 1340 nm taken at a rate of 1 nm/sec with wide slits (8 mm x 8 mm) using the near IR spectrometer. Two scans were accumulated, and the background containing solvent emission subtracted, showing the 1268-nm singlet oxygen emission band of (0,0)1Ag 3-* 1g. The three traces shown are for demeclocycline, tetracycline, and minocycline as labeled. The trace for minocycline shows no emission in this spectral region. The estimated relative yields of singlet oxygen are presented in Table 2 and follow the trend demeclocycline > tetracycline > minocycline.
The self-sensitized photodestruction of the tetracyclines also exhibits a molecular and structural dependencedemeclocycline > tetracycline > minocycline-but the absolute rate for this photoreaction is slow. The 6-min exposure to excitation radiation necessary to accumulate each spectrum does not significantly alter the results.
DISCUSSION
Electronically excited singlet molecular oxygen is now recognized as a distinct chemical reagent (14) (15) (16) (17) (18) (19) (20) . In an halogen substituted series of aromatic molecules the photopopulation of the triplet state follows the order H < Cl < Br < I, resulting from mixing of the electronic singlet and triplet states (21, 22) . This expectation is consistent with the observed higher efficiency of singlet oxygen generation for demeclocycline compared to tetracycline. Minocycline, which is not phototoxic, did not generate singlet oxygen in our experiments. Minocycline is the only member of the series that has a dimethyl amine substitution on the aromatic ring. Aromatic amines are well known singlet oxygen quenchers (23) .
The site of tetracycline localization within the cell is not clearly established. There are reports where tetracyclines have been shown to combine specifically with the mitochondria of living cells both in tissue culture and in fresh preparations from various organs (24) . Some evidence exists that this is so in vivo (25) and that most of the intracellular tetracycline in fact resides in the mitochondria (26) induced phototoxicity, the strong oxygen dependence and possible singlet oxygen involvement are consistent.
In summary we report the first direct demonstration of tetracycline-photosensitized singlet oxygen generation in solution and find a qualitative correlation between the 102 yield and the phototoxic potential of three tetracyclines. More conclusive information is expected from in vitro and from in vivo experiments.
